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ABSTRACT: Carbon materials, such as graphene, carbon nanotubes, and o ; T TN
quantum-dot-doped metal oxides, are highly attractive for energy storage
and environmental applications. This is due to their large surface area and
efficient optical and electrochemical activity. In this particular study, a
composite material of cobalt oxide and carbon quantum dots (Co;04—
CQD) was prepared using cobalt nitrate and ascorbic acid (carbon
source) through a simple one-pot hydrothermal method. The properties of
the composite material, including the functional groups, composition,
surface area, and surface morphology, were evaluated by using various
methods such as ultraviolet, Fourier transform infrared, X-ray diffraction,
Raman, X-ray photoelectron spectroscopy, Brunauer—Emmett—Teller,
scanning electron microscopy, and transmission electron microscopy
analysis. The electrochemical performance of the Co;0,—CQD composite
has been studied using a three-electrode system. The results show that at 1
A g7, the composite delivers a higher capacitance of 1209 F g~'. The asymmetric supercapacitor (Co;0,—~CQD//AC) provided
13.88 W h kg™' energy and 684.65 W kg™' power density with a 96% capacitance retention. The Co;0,—CQD composite also
demonstrated excellent photocatalytic activity (90% in 60 min) for the degradation of methylene blue dye under UV irradiation,
which is higher than that of pristine Co;0, and CQD. This demonstrates that the Co;0,—CQD composite is a promising material
for commercial energy storage and environmental applications.

1. INTRODUCTION cycle stability, and rapid charge—discharge process. However,
the low energy density remains a significant challenge for large-
scale applications of SCs. It is well-known that commercial
carbon-based materials (electric double-layer capacitors;

The energy crisis and environmental pollution are major issues
in the modern world, as they affect the quality of human life.!
Most industries rely on nonrenewable energy sources such as

coal, oil, and natural gas, which release large amounts of carbon EDLC) have a limited energy density of 10 W h kg_l-lo
dioxide (CO,) gas into the environment when burned. This Pseudocapacitive materials such as transition metals,'""
contributes to the environmental pollution and global metal—organic frameworks (MOFs),* ™13 polymers,lé sul-
warming. Therefore, it is vital to find an alternative energy fides,'” and nitrides'® are recommended as an alternative
source to maintain a clean and green environment. Addition- source to EDLC materials because they deliver a higher energy
ally, industries, such as leather, pharmaceuticals, textiles, and density. Among transition metal oxides, those such as TiO,,"”
plastics, release harmful organic pollutants that affect the WOZZOJ NiO,*! Rqu,22 Mn04,23 and C03O424 are involved in
environment. To address these challenges, scientists are faradic redox reactions and can provide higher energy density

focusing on developing efficient technology that can produce
bifunctional materials for resolving energy and environmental
issues.””’

There are several techniques available for energy conversion
and stora%e, such as solar cells,*” batteries,”” and super-
capacitors.” These methods have been developed to address
energy shortage problems while minimizing the environmental
impact. Among them, supercapacitors (SCs)” have attracted
the attention of the scientific community due to their unique
properties, such as higher power density than batteries, long

due to their higher voltage range capacity and ion diffusion
properties. Among these metal oxides, cobalt oxide (Co;0,)*
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Figure 1. UV—visible spectra of (a) Co;0,, (b) CQD, and (c) Co;0,—CQD.

has been considered a promising material for supercapacitor
applications due to its higher theoretical capacity (3650 F
g_l),26 faradic activity, low-cost, better electrochemical
performance, good cycle stability, and reversibility.

Co;0, is a material that has recently gained attention in the
field of photocatalytic applications due to its superior catalytic
performance, high surface area, and good thermal and chemical
stability. In a study by Chen et al., Co;0O, hollow spheres were
found to be effective in degrading methyl orange dye under UV
light radiation,”” while 3D porous/urchin nanostructured
Co;0, prepared by pulsed laser deposition showed 81% dye
degradation.”® However, few studies have recently shown that
Co0;0, has a high potential for photocatalytic application.
Meanwhile, the Co;0, has limited specific capacitance and
electronic conductivity, whose properties hinder the commer-
cial usage of these materials for SC applications.

To overcome this issue, additive materials like carbon,”
nitrides,’® sulfides,”’ and metals are doped with Co;0, This
doping process can improve the electrical and optical
properties of the Co;0, Particularly, carbon sources like
graphene oxide (GO),”” carbon nanotube (CNT),*” carbon
nitride (g-C3N,),”* and carbon quantum dot (CQD)*® have
great potential to improve the electrochemical and optical
properties of Co;0, because they have an ultrafine porous
structure and surface area, higher conductivity and life-cycle
stability.

Among them, carbon quantum dot (CQD) is an emerging
carbon material that is used in different applications such as
applications including photocatalysis,*® bioimaging,”” sensor,*®
and photovoltaic applications®” due to their high solubility and
chemical stability. The unique properties of CQD make it an
excellent additive material for improving the electrochemical
and optical behaviors of metal oxides. Recently, studies have
shown that metals like nickel,** and cobalt-doped CQD
materials can provide high capacitance and exceed cyclic
stability. Two cobalt-based materials, CoS-CQD*' and
Co;0,—Ag-CQD,* showed a capacitance of 808 and 1052 F
g 'at 1 A g7', respectively. Additionally, TiO,-doped ascorbic
acid-derived CQD is utilized as a photocatalyst for dye
degradation.” In previous research, conducting polymers such
as polyaniline, polypyrrole, and polythiophene have been
combined with ascorbic acid-derived CQD for their electro-
chemical and fhotophysical properties in organic solar cell
applications.****

In this work, we used an ascorbic-acid-derived CQD to
improve the optical and electrical properties of Co;0,. We
achieved this by using a one-pot hydrothermal method to
produce the Co;0,—CQD composite. The resulting composite
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was characterized both photophysically and electrochemically
and demonstrated multifunctional capabilities. In a three-
electrode electrochemical system, the Co;0,—CQD composite
exhibited high specific capacitance and eflicient cycle stability.
Additionally, the asymmetric device (Co;0,—CQD//AC)
displayed superior energy and power density, with a recorded
13.88 W h kg™! and 684.65 W kg™! respectively. Furthermore,
the Co;0,—CQD composite exhibited excellent photocatalytic
activity, with a 90% dye degradation rate within 60 min under
UV light, outperforming the pristine Co;O,. Efficient electro-
chemical and catalytic performance suggests Co;0,—CQD
composite’s wide use as electrode material for supercapacitors
and photocatalytic material for environmental remediation.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Cobalt nitrate (Co (NO;),-6H,0),
ascorbic acid, potassium hydroxide (KOH), and poly(vinyl
alcohol) (PVA) were purchased from Sigma-Aldrich Chem-
icals Pvt. Ltd., India, and used without purification.

2.2. Preparation of C0;0,—CQD. A one-pot hydro-
thermal synthesis method was used to prepare Co;0,—CQD.
First, 20 mmol of cobalt nitrate and 20 mmol of ascorbic acid
were dissolved in 50 mL of water. The resulting solution was
then transferred to a 100 mL Teflon autoclave and heated at
180.0 °C for 18 h. Next, the suspension solution was heated at
250 °C in a muffle furnace for $ h. Finally, black Co;0,—CQD
powder was collected and can be used for further purposes.
The same procedure was followed to prepare Co;0, and CQD
separately using cobalt nitrate and ascorbic acid as precursors.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization. In Figure 1a,
the UV—vis spectra of Co;0, show two absorption peaks at
262 and 517 nm. These peaks correspond to the charge
transfer processes of the Co;0, spinel structure, specifically the
0% —Co?" and 0> —Co®" transitions.*® Meanwhile, Figure 1b
shows the CQD’s two absorption peaks at 277 and 356 nm,
which are attributed to the 7—z* transition (C=C bond) and
n—7* transition (C=O bond), respectively.”" When Co;0,
and CQD are combined (Figure 1c), their absorption peaks
are shifted to 303 and 510 nm. The (O*”—Co?*) transition is
red-shifted to a longer wavelength, indicating that the CQD
(m—r* transition) interacts with the cobalt charge transfer
process. Moreover, the extra peak at 361 nm confirms the
CQD’s n—z* transition (carbonyl group) and the fact that
Co0;0, is linked to the CQD."’

https://doi.org/10.1021/acsomega.3c09594
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In Figure 2, the fluorescence spectra show that the Co;0,
emission peak appears at around 480 nm (green emission)
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Figure 2. Fluorescence spectra of Co;0,, CQD, and Co;0,—CQD.

when excited at 365 nm. The visible region emission is due to
impurities and structural defects in the nanocrystal.*®
Normally, CQD has higher fluorescence emission behavior,
which is confirmed by the excitation-dependent fluorescence
study (280—380 nm), as shown in Figure Sla. The
fluorescence intensity of the CQD is gradually increased and
the peaks are red-shifted and reaching a high intensity at 360
nm, then decreased. The intensity changes and peak shifts
indicate various size carbon dots and emission trap states are
presented in the CQD. In Figure S1b, the CQD is shining by
various light source regions (visible and UV light) that show
the yellow color in the visible region. Meanwhile, it emits
strong fluorescence in the UV region (green color). The CQD
has a more intense peak at 490 nm, which may be the
transition of 7 — #* graphitic sp* core in the CQD structure.
The peak also appeared in Co;0,—CQD, but its intensity was
lower than others. The low-intensity emission peak of Co;0,—
CQD reveals that the recombination of the photogenerated
electron—hole pair is highly inhibited. This poor electron—hole
pair recombination can increase the photocatalytic reactions.*’

Figure 3a shows the FT-IR spectrum of Co;0, which
consists of five bands ranging from 4000 to 500 cm™". The two
bands at 603 and 859 cm™' correspond to the characteristic
bands of Co—O, which represent the rocking vibration of the
metal oxide. These bands confirm the spinel structure of
Co;0,4, with Co*" occupying octahedral sites and Co**

occupying tetrahedral sites. The bands at 3402 and 1649
cm™ represent the O—H stretching and bending vibrations of
the absorbed water molecules. Additionally, the peak at 1094
cm™" denotes the coordination of the Co—OH.*”*" In Figure
3b, the O—H and C—H stretching vibration bands are
presented at 3428 and 2925 cm™’, respectively. The carbonyl
groups C=0 and C—O bands™” are located at 1703 and 1047
cm™!. The aromatic C—H stretching band appeared at 556
cm™. The Co0;0,—~CQD spectrum (Figure 3c) shows
vibration bands similar to those of the Co;0, spectrum but
with shifted positions due to the interaction of CQD and
Co;0,. For instance, the rocking vibration of the metal oxide is
presented” at 584 and 862 cm™'. Additionally, one band
observed at 1710 cm ™" corresponds to the carbonyl functional
group of CQD, confirming the presence of CQD in the Co;0,
composite.

The XRD analysis was used to characterize the phase form
of Co;0,4 CQD, and the Co;0,—CQD. The patterns shown in
Figure 4a indicate that Co;O, has a cubic structure nature,
with diffraction peaks at 31.59° 36.90°, 44.70°, 60.00°, and
65.54° corresponding to the 220, 311, 400, 511, and 440
planes of Co;0, (JCPDS card no: 073-1701).°* CQD, on the
other hand, exhibits a broad diffraction peak at 24.20° (002),
indicating the lattice carbon disordered structure of CcQD.”
Interestingly, the Co;0, planes 220, 311, 400, 511, and 440 are
also present in the Co;0,—CQD composite, but the position is
slightly shifted and the peaks have sharply appeared. These
results confirm that CQD is present in the Co;0,—CQD
composite, where it acts as a surfactant and improves the
crystalline nature of the cobalt.””

The composite has been confirmed by Raman spectral data.
In Co;0,, the peak appears at 585 cm™, and the E, and A,
mode®® of cobalt oxide is ascribed to 678 cm™, as shown in
Figure 4b. The CQD has two major peaks at 1360 and 1590
cm™!, which are attributed to the D and G bands. The D band
corresponds to the vibration peak of the terminal graphite
carbon (sp®) planes, and the G band denotes the vibration of
the hexagonal lattice of two-dimensional carbon. Moreover, the
peak at 3000 cm™" corresponds to the 2D band that confirms
the number of sp” layers presented in the CQD.”” The same
type of peaks appeared in the Co;0,—CQD composite, which
proves the carbon network presented in the Co;0,—CQD
composite. Additionally, another three peaks at 597, 678, and
1013 cm™! for the Co;0,—CQD are attributed to the E, Ay
symmetric stretching and the O—H [Co (OH),] deformation
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Figure 3. FT-IR spectra of (a) Co;0,, (b) CQD, and (c) Co;0,—CQD.
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Figure 4. XRD (a) and Raman spectra (b) of Co;0,, CQD, and Co;0,—CQD.
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mode.*® The XRD and Raman results confirm the formation of
the Co;0,—CQD.

X-ray photoelectron spectroscopy (XPS) analysis was used
to determine the element composition and surface valence
state of C0;0,—CQD. The composition included Co, C, H,
and O elements, which were identified in the survey spectrum
(Figure Sa). The peaks observed in Figure Sb at 284.23,
285.66, and 287.86 eV were attributed to different carbon
bonds, such as C—C/C=C for the CQD carbon skeleton, and
C—OH/C—-0 and C=0O bonds for the surface functional
groups of CQD. The O 1s spectrum in Figure Sc displayed
peaks at 530.31, 531.56, and 532.82 eV, which corresponded to
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the C—OH/Co—0, C—0-C, and C=0 bonds, respectively,59
confirming the presence of CQD in the composite materials.
Additionally, the Co 2p peaks at 778.19 and 793.63 eV in
Figure 5d were attributed to the presence of Co*" in 2ps,, and
2p,/, chemical states, respectively, which indicates the
formation of cobalt oxide in the composite. The peaks at
787.12 and 802.56 denoted the satellite peak of the 2p;/, and
2p, /5, confirming the formation of Co®" on the surface.’’
Compared to Co;0,,°" the Co;0,—~CQD Co 2p region is
shifted to the lower binding energies, indicating the reduction
of the Co valence state due to the formation of Co—O and
Co—C formation after the addition of CQD’s oxygen and

https://doi.org/10.1021/acsomega.3c09594
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Figure 6. SEM images of (a) Co;0,, (b) CQD, (c) Co;0,—CQD, and TEM images of Co;0,—CQD (d—f), and SAED patterns of Co;0,—CQD
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Figure 7. EDX images of (a) Co;0,, (b) CQD, and (c) Co;0,—CQD.

kev

carbon in the Co;0, skeleton structure. The CQD zeta
potential value is —14 mV (Figure S2), the value confirms the
CQD has a greater number of electronegative atoms so that it
can easily interact with the Co atom by their surrounding
electrons.”” The formation of interstitial compound (Co—0)
induces more active sites and defects, which can improve the
interaction between electrode—electrolyte ions. The inter-
action can boost the charge transfer mobility and storage
capacity of the composite material. The XPS finding illustrates
the coexistence of cobalt and CQD in the Co;0,—CQD
composite.

The structure and surface morphology of Co;0,, CQD, and
Co0;0,—CQD were characterized by SEM and TEM, as shown
in Figure 6. Figure 6a—c displays the SEM images of Co;0,,
CQD, and Co;0,—CQD, respectively. The Co;O, images
indicate a uniform distribution of Co;0,, which has a woven
sphere shape, whereas the CQD has a spherical ball-shaped
structure.”” The Co0,0,—CQD has a brush-like structure®*
which is entirely different from Co;0,, and this structural
change is due to CQD acting as a surfactant. In addition, the
side position brushes bind to each other, creating bundles.*®
The TEM images in Figure 6d—g show that the composite
material has a highly porous honeycomb-like structure. The
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TEM image of CQD (Figure S3) shows that the CQD has a
spherical shape with a diameter of 2—10 nm. The spherical
shape dots are also presented in the Co;0,—CQD composite,
representing the CQD anchored on the cobalt oxide surface.
The SAED patterns of Co;0,—CQD values 220, 311, 222,
400, 422, 511, and 440 (inward to outward) direction confirm
the binding of Co;0, and CQD*** to form a composite,
which is consistent with the XRD result. The SEM and TEM
results indicate that the Co;0,—CQD composite electrode can
be easily exposed to the electrolyte, and its brush and
mesoporous nature enhances the electrochemical performance.

The EDX analysis was used to determine the percentage of
elements in the composite, as shown in Figure 7. In Co;0,
(Figure 7a), two peaks were observed, corresponding to the
cobalt and oxygen present in the material. Using the peak
intensities in the EDX profile, the amounts of cobalt and
oxygen were found to be 55.92 and 44.08%, respectively.”” The
CQD, shown in Figure 7b, consists of 75.25% carbon and
24.75% oxygen. In Figure 7¢, the Co;0,—CQD composite
contains 34.27% cobalt, 50.48% oxygen, and 15.26% carbon.
The carbon peaks confirm the presence of CQD in the
Co0,0,.%°

https://doi.org/10.1021/acsomega.3c09594
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The surface area and pore diameter of Co;04 and Co;0,4—
CQD were evaluated using nitrogen adsorption and desorption
isotherm measurements, specifically the Brunauer—Emmett—
Teller (BET) method. Figure 8a and b show that the surface
area and pore size diameter of Co;O, are 127.04 m’/g and
4.17 nm, respectively. The CQD surface area and pore size
diameter (Figure S4ab) are 9.63 m?/g and 2.15 nm,
respectively. On the other hand, the surface area of Co;0,—
CQD (Figure 8c) is higher than that of Co;04 and CQD,
measuring 209.24 m*/g, while the pore size is smaller at 2.54
nm (Figure 8d). The reason for the surface area elevation of
the composite is the distribution of cobalt ions with the carbon
matrix. To the best of our knowledge, the surface area of
Co0;0,—CQD is higher than previous reports based on Co;0,
composites.””™”" This higher surface area is a key factor that
affects the interfacial electrochemical behavior of the electrode
material* and its photocatalytic application. Additionally, the
small porous structure of Co;0,—CQD enhances ion diffusion
in supercapacitors’> and improves the sorption ability of dye
molecules in photocatalytic applications.

3.2. Electrochemical Analysis of the Three-Electrode
System. The three-electrode system’s cyclic voltammogram
(CV) for Ni foam, Co;0,, CQD, and Co0;0,—CQD in 1 M
KOH at 10 mV/s during the 0.1—0.7 V potential window is
shown in Figure 9a. The Co;0, current density and curve area
increased while the redox peaks shifted to Ni foam and CQD.
The reversible redox process in the different valent states of
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cobalt in the Co;0, can attributed to the redox peaks. Based

. 74,75 . . .
on earlier reports, the electrochemical reaction mechanism
involving Co;0, and electrolyte anions (OH™) can be
expressed (egs 1 and 2).

Co,0, + OH™ + H,0 © 3CoOOH + e~ (1)

@)

Compared to Co3;0, Co03;0,—CQD delivered a higher
current density, suggesting the carbon source (CQD) can
improve electrochemical active sites during that redox process.
It is a well-known factor that the CV area curve is positively
related to the capacitance performance.”® The CV area curve
of Co;0,—CQD is higher than that of Co;0, which indicates
that Co;0,—CQD has higher capacitance than Co;0,.
Moreover, the result suggests that the CQD improves the
electron transport and diffusion ion process within the
Co0;0,—CQD composite with the help of the synergistic
effect, the reason the composite has higher energy storage
capacity.77

To further investigate the charge transfer property of the
C03;0,—CQD composite, the electrode involves different
potential scan rate studies in the CV, and the results are in
Figure 9b. With increasing scan rate, the position of the redox
peak shifted toward the positive voltage direction due to the
diffusion polarization effect, and the current range increased
because of the improvement of the capacitance behavior of the

CoOOH + ¢ & CoO, + H,O + e
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electrode material. To identify the capacitance ratio of the
C03;0,—CQD composite, the capacitive and diffusion behavior
of the composite was investigated. The current response of the
C0;0,—CQD composite is estimated by the separation of
capacitive and diffusion-controlled processes.”® As per the
reports from the Dunn group, eq 3 o helps to calculate the
capacitive effects.

_ 0.5
L(v) = kyp + kv 3)
where I, denotes the current density (A g™') corresponding to
the redox peaks, k; and k, denote constant coefficients, v is the
scan rate (mV/s), kv is the current from the surface
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capacitance, and k™ is the process of diffusion-controlled
intercalation.

Figure 9c shows the capacitive (shaded region) and diffusion
capacitances for charge storage contributions at 10 mV/s. It
exhibits that the contribution rate of diffusion capacitance is
47% whereas the surface capacitance is 53%. Figure 9d, the
contribution rates of the Co;0,—CQD composite in different
scan rates are given in which the low scan rate (5 mV/s), the
capacitive contribution, is lower (46%) than the diffusion
contribution (54%). Based on the scan rate improvement, the
capacitive contribution (surface capacitance) gradually in-
creased and reached 93% at 30 mV/s. The Co;0,—CQD
composite electrode contains higher capacitive contribution
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study of Co;0,—CQD.

due to the higher ion accessibility with sufficient surface-active
sites®® and rapid ions/electron migration between electrode/
electrolyte interface. Based on the scan rate improvement, the
capacitive contribution rate is increased which confirms the
fast reaction kinetics ability”' of the Co;0,~CQD electrode. It
is the main factor for achieving superior rate capability and
cyclic performance at high current density during charge—
discharge processes.

The EIS is a great tool to analyze electron transfer and
kinetics of ions between the electrode and electrolyte. The
Co;0,, CQD, and Co;0,—CQD impedance spectra involve an
electrochemical fitting process, as exhibited in Figure 10a—c.
The fitting process gives the equivalent circuits containing
solution resistance (R,), charge transfer resistance (Ry),
Warburg impedance element (W), and constant phase element
(CPE).>* A Nyquist plot has two distinct parts which
include a semicircle in the higher-frequency region and a
sloped straight line in the higher-frequency region.”> The R
values of the prepared materials are Co,0, (2.83 Q), CQD
(1.68 Q), and Co;0,—CQD (1.54 ), and the R, values are
Co;0, (5.53 Q), CQD (4.50 Q), and Co,0,—~CQD (4.20 Q).
All among the C0;0,—CQD have lower R, and R, so the
electron and charége transfer between the electrolyte and
electrode is high.*® It is a crucial factor for electrochemical
energy devices since the minimum resistance can enhance the
conductivity with the help of a speed redox reaction. The
results are consistent with those of the CV study. Furthermore,
the material porosity can generate the CPE.”” The CPE
calculated from the following (eq 4),

(4)

where n and T¢pg are frequency-independent constants and w
is the angular frequency. The 'n' is a correction factor that is
related to the electrode material roughness. The values n = 0—

Zepg = Tepp(iw)™
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0.5 denote a Warburg behavior, while n = 0—1 denotes the
CPE as an ideal capacitor. The Co;0,—CQD 'n’ value is 0.61,
which indicates that the electrode has ideal supercapacitor
behavior (pseudo capacitance). The result reveals that the
solution resistance and charge transfer between the electrode
and electrolyte is more significant, the behavior is responsible
for higher capacitance property.

Galvanostatic charge—discharge (GCD) analysis helps
determine the capacitance behavior of the electrode materials.
The Co;0,, CQD, and Co;0,—CQD specific capacitance are
784, 102, and 1209 F g™ at 1 A g”'. The Co;0, electrode
GCD curve exhibits pseudocapacitive behavior whereas the
C03;0,—CQD curve has a hybrid capacitive nature due to the
electrochemical double-layer capacitance behavior of CQD, as
shown in Figure 1la. The GCD study at different current
densities (1—20 A g™') is exhibited in Figure 11b. When the
current density is increased (Figure 1lc), the specific
capacitance is gradually decreased due to the insufficient
time for the Faraday reaction in the fast charge—discharge
process.”® However, Co;0,—CQD has 452 F g~ capacitance
at the 20 A ¢! range is 38% of the original capacitance
whereas Co;0, is 14% of the original capacitance, these results
suggest that the CQD not only accelerates the ion and electron
transport of the Co;0, composite but also restrict the diffusion
opposition throughout the charge—discharge processes. Long-
term cyclic stability is one of the crucial parameters for
commercial supercapacitor applications. As shown in Figure
11d, the Co;0,—CQD electrode material involves a charge—
discharge cycle test at 20 A g™', and the result exhibits 100%
capacitance retention after 5000 cycles. The material was also
analyzed by XRD and XPS study after 5000 cycles to
understand the phase and composition of the material. In
the XRD spectra (Figure SS), the cobalt oxide corresponding
patterns such as 220, 311, 400, 511, and 440 are presented
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before and after cycling. The XRD spectrum has no phase
change but the peaks are slightly shifted in their position which
may be the addition of binding polymer and conducting
carbon added in the composite. In XPS spectra of the Co;0,—
CQD composite before cycling (Figure S6), the carbon
spectrum peaks are presented at 284.03 (C—C/C=C), 286.34
(C—OH/C-0) and 288.48 eV (C=0) and the oxygen peaks
located at 530.31 (C—OH/Co—0) and 531.42 eV(C—0-C),
respectively. The same peaks are presented in the Co;0,—
CQD composite after the cycling test (Figure S7). Meanwhile,
the peaks of the Co spectrum (before cycle) 2p;,, and 2p;,,
are presented at 779.90 and 795.11 eV, and the peak at 782.11
and 796.81 eV which corresponds to the Co** and Co®*
chemical state of cobalt oxide, respectively. After the cycle, the
peaks are slightly shifted and located at (780.84 and 796.42 eV-
Co**) and (785.03 and 799.56 eV-Co**) which is more similar
to the before cycle. The slight intensity shift and full width at
half-maximum aspects may be the substrate (Ni foam) and the
addition of binding polymer in the composite. The result
indicates that the material is stable, and the charge storage
mechanism involved a complete reversible reaction near/on
the surface of the material.

For our understanding and comparative studies for the
different electrode materials, respective capacitance and its
cycle stability are tabulated briefly in Table 1.

Table 1. Electrochemical Performance of Co;0,—CQD in
Comparison with Reported Cobalt and Other Metal-Oxide-
Doped CQD-Based Materials

S.

no. electrode material capacitance cycle stability ref

1 CQDs/CoS, 808 FglatlAg' 9875% H
(10,000)

2 MnO,/CQDs/GA 721 FglatlAg™’ 92.3% &
(10,000)

3 CuS@CD-GOH

4  CuS@CQDs@C
HNS

s CQD-MnO,

920Fglat1Ag™? 90% (5000)
618 Fglat1Ag™" 95%, (4000)

189 F g*l at 0.14 100%, (1200) °*
Ag

6  CQD-Bi,O4 343 F g-l at 0.5 95%, (2500)
Ag
CQDs-MnO, 340Fglat1Ag' 80% (10,000) **
RCQD/RuO, 594Fglat1Ag! 96% (5000) *°
NiS/C-dot 880 Fgat2Ag™" 100% (1000)
10  MoS,/NCDs 14921 F glat05  100%, (2000) '
Ag
11 CuMnO,/GQD 5202 F gl at0s 83.3% (5000) ¢
Ag
12 Co;0,-CQD 1200Fg'at1Ag™ 100%, (5000) this

work

3.3. Electrochemical Analysis of Supercapacitor Two-
Electrode System. For commercial applications, a two-
electrode asymmetric supercapacitor device is fabricated by
using Co;0,—CQD as a positive electrode and activated
carbon as a negative electrode. Before solid-state analysis, the
two-electrode potential window is determined by a three-
electrode system using 1 M KOH as an electrolyte; it is shown
in Figure 12a. The abovementioned analysis and its result
suggest that the potential window of two electrodes is 0—1.6 V.
Figure 12b depicts different potential window CV studies of
the (Co;0,—CQD//AC). In Figure 12c¢, the CV curve current
range is gradually increased and achieves a higher current range

(4 mA), and it has a proper redox peak with a rectangular-
shaped CV curve. The CV redox peaks are retained very well
even at 100 mV/s the results suggest that the device possesses
higher power capability. The EIS exhibits (Figure 12d) the
semicircle that corresponds to the double layer and charges
transfer resistance which is 1.69 and 9.28 Q. The low resistance
behavior confirms that the device has higher electrical
conductivity due to the synergistic effect between the cobalt
ion with CQD. The small R, value demonstrated the fast ion
and charge transfer kinetics of the electrode—electrolyte
interface.

Furthermore, the Co;0,—CQD//AC device potential
window is analyzed and finally determined at 0.8—1.4 V, it is
shown in Figure 13a. The GCD curves (0.5—10 A g™') are
exhibited in Figure 13b. The capacitance value of the device is
SIFg'at05SAg'and19F g'atl0 A g which is
calculated from the GCD curves.”” Energy and power density
are crucial merit factors in energy storage devices that help to
determine the performance of SCs for real applications. In
Ragone plot (Figure 13c), exhibits the relationship between
the energy density and power density”” and the values are
13.88 W h kg™' energy density and 684.65 W kg™ power
density, respectively. The long cycling life is an essential
parameter of the SCs device in which the charge—discharge
measurement is repeated S000 times at 10 A g~' in the
potential window 0—1.4 V as shown in Figure 13d. The
capacitance range slightly decreased and delivered 96%
retention after 5000 cycles; this result indicates the high
electrochemical stability and the excellent performance of the
device. The amorphous nature of the carbon network-induced
C0;0,—CQD electrode material controls the volume change
during the charge—discharge process that property can
improve the cyclic performance of the electrode. The results
suggest that this device is suitable for practical SC applications.

3.4. Photocatalytic Application. The study on the
photodegradation of MB under UV irradiation is presented
in Figure 14. A blank test was conducted without a catalyst,
and the initial absorption spectra of MB showed a negligible
decrease after 60 min of UV irradiation (Figure 14a). In the
pristine Co;0, test, the absorption of MB gradually decreased
upon UV irradiation, as shown in Figure 14b. The absorption
spectra range of MB slightly decreased after exposure to UV
irradiation for 10 min in the presence of Co;0, With
continuous UV irradiation for 10—60 min, the MB absorption
spectra considerably decreased. After 60 min of UV irradiation,
the absorption intensity range decreased by approximately 50%
from its initial range. This degradation pattern was observed in
the pristine CQD as well, as shown in Figure 14c. However,
C0;0,—CQD (Figure 14d) exhibited efficient degradation of
MB under UV irradiation, with a 90% decrease in the
absorption intensity range at 60 min. This intensity loss was
higher than those observed in Co;0, and CQD.

The efficiency of dye degradation rates under UV irradiation
in the presence of Co;0,, CQD, and Co0;0,—CQD is shown
in Figure 15ab. The photocatalytic degradation efliciency is
calculated based on the initial and final absorbance range of the
dye molecule.”® The C0;0,—~CQD composite degraded 90%
of the dye in just 60 min. However, without a catalyst, pristine
Co30, and CQD only degraded 3, 52, and 45%, respectively.
The improved catalytic activity of the Co;0,—CQD composite
can be attributed to its higher surface area and chemical
composition. In addition, the Co;0,—CQD composite exhibits
an enhanced photocatalytic effect due to the synergistic effect
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between CQD and Co;0,. This synergistic effect is explained
in the electrochemical performance section, which results in
improved quick charge transport and reduced recombination
of electron/hole (e™/h*) during the photocatalytic reaction.”
These separations of e”/h* generate a greater amount of active
oxygen radicals such as OH and O,~ from H,O and O,, which
can effectively degrade dye molecules. Moreover, the presence
of CQD (carbon source) increases the surface area of the
Co0;0,—CQD composite (as demonstrated in the N,
adsorption—desorption isotherm study), facilitating the
absorption of dye molecules on the surface of the composite
during degradation. The stability of the photocatalyst is a
crucial aspect of its practical applications.

The study aimed to evaluate the photocatalytic reusability
and stability of Co0;0,—CQD, which underwent three
consecutive cycles under UV irradiation. The results showed
that the photocatalytic activity (Figure 15¢) of Co;0,—CQD
for MB dye degradation decreased by only 2% (from 90 to
88%), indicating that it is a stable photocatalyst for dye
degradation. The structure stability and crystalline nature of
C0;0,—CQD were also assessed (Figure 15d), and the XRD
pattern showed no change even after three photocatalytic
experiment cycles. Additionally, there was no phase trans-
formation during UV light illumination, indicating that
C0;0,—CQD has good chemical stability and reusability
properties.

3.4.1. Plausible Mechanism for Photodegradation of
C030,~CQD. The band gap analysis is a crucial tool for
understanding the photocatalytic mechanism of prepared
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materials. The band gap is calculated using Tauc plot'” (eq
5).
n/2
a(hv) = A X (hv - E,) / ()
a—absorption coeflicient, h—Planck’s constant, t—Ilight
frequency, A—constant’s value, E,—bandgap energy, and
n—number of transitions in the semiconductor. The formula
mentioned above is used to compute the bandgap. The
bandgap of Co;0,, CQD, and Co;0,—CQD is computed
using the formula mentioned above. The obtained values are
2.68, 3.20, and 2.24 eV, respectively, as shown in Figure 16.
Moreover, the valence band (VB) and conductance band

(CB) potential ranges are calculated using the following eqs
6—8'0b102
Eg=xy—E -0 SEg 6)
Eyg = Ec + Eg (7)
4 = [yAyBEyCT (@ tb+o) (s)

where Ecg and Eyg are edge potentials, E, is the band gap of
the semiconductor material, E_ is the energy of free electrons
on the hydrogen scale (4.5 V), y represents the Mulliken
electronegativity, and a, b, and ¢ represent the number of
atoms in the compound. The calculated electronegativity of the
Co;0, CQD, and Co0;0,—CQD is 5.9, 7.5, and 6.7 eV
respectively. The Eqy and Eyg values are calculated with the
help of y and E, and summarized in Table 2. Figure 17
demonstrates the energy level diagram of the Co;0, CQD,
and Co;0,—CQD composite.
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Table 2. Values of the Bandgap (E,), Conduction Band
(Ecg), and Valence Band (Eyg) Edge Potentials

materials E, (eV) Ecp (V) Ey (V)
Co,0, 2.68 0.06 2.74
CcQDb 3.20 1.74 4.94
C0,0,—CQD 224 1.14 3.30

Figure 18 illustrates the possible mechanism of dye
degradation and charge transfer process between Co;0, and
CQD. During the photodegradation process under UV light
irradiation, the Co0;0, and CQD in the Co;0,—CQD
composite absorb the photon energy. In the first step, Co;0,
absorbs the UV light and excites the electron from the VB to
the CB, creating an electron (e”) in the CB and holes (h*) in
the VB. The CB electron of Co;0, can transfer to the CQD
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Figure 17. Band gap structure of Co;0, CQD and Co0;0,—CQD
composite.

CB, while the CQD also undergoes an excitation process and
produces electrons and holes in the CB and VB band,
respectively. The electrons that are collected during the
photocatalytic'® process are trapped by the oxygen vacancy.
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Figure 18. Schematic diagram of dye degradation and the electron
charge transfer mechanism of Co;0,—CQD under UV irradiation.

This helps to prevent the recombination of electron—hole pairs
(e7/ h*), which, in turn, enhances the photocatalytic activity.
During the reduction process, the electrons react with H,O to
produce the O, and 'OH radicals. On the other hand, during
the oxidation process, the holes react with H,O to produce
‘OH radicals. These radicals play a crucial role in the
degradation of MB, breaking down its aromatic bonds and
converting it into smaller molecules'* such as CO, and H,0.
The photodegradation process of MB in the presence of
C0;0,—CQD under UV irradiation can be summarized by the
following mechanism'® steps (eqs 9—13).

Co,0,/CQD + hv
— C03O4(e_(CB) + h+(VB))/CQ_D(e_(CB) + h+(VB))

)
Co30,(e"(cp)) + CQD(e™(cp))

— (e7(cp)) + CQD(e"(cp)) + Co30, (10)
0, + (e”(cp) + CQD(e"(cp) — O, + CQD (11)
CQD(h (yp) + H,O — H' + OH + CQD (12)
0, + ‘OH + C, H,,CN,SCI(MB)

— CO, + H,0 + degradedproducts (13)

4. CONCLUSIONS

The Co;0,—CQD nanocomposite has been successfully
synthesized by using the hydrothermal method. The composite
has a uniform nanobrush structure, as confirmed by a surface
morphology study. SEM and TEM analysis have also verified
that the CQD is attached to the outer surface of the cobalt. By
using CV, EIS, and GCD techniques, the composite shows
significant improvement over Co;O, in terms of charge
mobility, capacitance, cycle stability, and rate capability. The
material has a high capacitance of 1209 Fg'at 1 A g™, and it
retains 100% of its capacitance after 3000 cycles. Additionally,
the asymmetric supercapacitor device delivers 13.88 W h kg™!
energy and 684.65 W kg™ power density with a wide voltage
window of 0—1.4 V, using Co;0,—CQD//AC. Moreover, the
C03;0,—CQD exhibits 90% dye degradation efficiency under
UV light irradiation, thanks to its higher surface area and
suitable band gap. These findings suggest that Co;0,—CQD is
a promising material for energy storage and environmental
applications.
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